Accurate characterization of pulse contrast for high peak power lasers is critical to the success of experiments exploring inertial confinement fusion. The Advanced Radiographic Capability (ARC) laser at the National Ignition Facility (NIF) is a petawatt class laser system that produces pulses in the picosecond regime for the creation of diagnostic x-rays. ARC leverages four of the NIF's beamlines for final amplification while implementing a separate front-end and preamplification stage, known as the High-Contrast ARC Front End (HCAFE). To characterize pulse contrast at the output of HCAFE, a means of measurement at long times (>500 ps) has been developed using a photodiode that has achieved a dynamic range of over 100 dB and 125 dB after deconvolution. Within hundreds of picoseconds of the main pulse, a commercial third-order cross-correlator (Amplitude Technologies Sequoia) is used to characterize the pulse contrast. Together, these diagnostics provide the necessary data for ensuring pulse contrast requirements can be met on ARC. Efforts were made to mitigate existing pre-pulses and to increase the stability of the system as a long-term operational companion to the NIF.
INTRODUCTION
The Advanced Radiographic Capability (ARC) laser has recently been commissioned at the National Ignition Facility (NIF) for use in inertial confinement fusion (ICF) and high energy density (HED) physics experiments. ARC is a petawatt class laser system producing up to eight pulses in the picosecond regime that can be used to generate shortburst, high-energy x-rays for improved target diagnostic performance [1] . As is the case with other high peak power lasers, the system must deliver a pulse with high contrast to prevent alteration of the target prior to arrival of the main pulse and subsequent degradation of desired laser-target interactions [2] . Recent improvements to the ARC laser have increased this contrast, in turn demanding improved contrast measurement capabilities to verify that specifications are being met.
ARC SYSTEM ARCHITECTURE

Overall architecture of the ARC laser system
The ARC laser system uses a portion of the existing NIF architecture while employing a new, separate front-end system called the High-Contrast ARC Front End (HCAFE). The original fiber-based front end [3] was replaced by the HCAFE system in 2015. HCAFE provides an initial sub-picosecond seed pulse, temporally stretches the pulse to nanoseconds, splits it into two separate beamlines, allows individual timing, pulse width control, and shaping of the pulses, and performs initial amplification in regenerative amplifiers before being sent to the Split-Beam Injection (SBI) system. The SBI system combines the two beams into a single split-beam aperture that fills the square aperture used on the NIF. The split beams are injected into one of the 48 NIF Pre-amplifier Modules (PAMs) where they are amplified in a multi-pass amplifier (MPA) to the joule level. The beams are then sent to the Pre-Amplifier Beam Transport System (PABTS), creating four split-beam pairs that can be semi-independently timed to adjust delays of up to 20 ns to meet the needs of the experiment. These four beam pairs seed the main NIF laser chain where they are amplified to the kJ level. Prior to arrival at the target chamber, the beamlines are redirected from the usual NIF beam path and sent through a compressor to compress the pulse in time [1] .
Architecture of the High Contrast ARC Front End system
The HCAFE system uses a Lumentum GLX-200 Nd:glass mode locked oscillator producing pulses of 250 fs FWHM at a wavelength of 1053 nm. The output of the oscillator is split with one branch being amplified and converted to the second harmonic. This second harmonic pulse is then used as a pump source for an optical parametric amplifier (OPA) [4] . The OPA provides amplification and improves the temporal contrast due to the narrow gain window defined by the pump. The amplified signal pulse is then temporally stretched to 2 ns for chirped pulse amplification [5] and split into two separate beamlines. Each beamline contains a delay stage for making timing adjustments relative to each other and to the main NIF beam lines. The pulse then passes through a pulse width controller (mini-compressor) that is used to control dispersion, and therefore, the final pulse width following compression. Spectral shapers receive an input from a high-resolution spectrometer and are used to compensate for drifts in HCAFE components, pre-compensate for gain narrowing, and correct group delay errors. Each beamline is then sent through a regenerative amplifier on the Dual Regen Table (DRT). The DRT amplifies the signal by approximately 60 dB and is the largest single gain component in the full laser chain. Two Pockels cells are then used to clean up the leakage pulses and discrete reflections. Before being sent to the SBI system, a pickoff sends a fraction of each beam to the ARC Front End Compressor Table ( AFECT), which is used to diagnose the beam that is leaving the front end of the system. A block diagram of the HCAFE system is shown below in Figure 1 . Block diagram of the HCAFE system and its interface to the NIF main laser chain. Note the pickoff that is sent to the AFECT, which is used to diagnose the output of the HCAFE system.
ARC Front End Compressor Table purpose and capabilities
The AFECT, described in Figure 2 , is a self-contained diagnostic table with a suite of instrumentation that characterizes the pulses leaving the HCAFE system. In addition to characterizing the stretched pulse, the system also employs a set of compressors, which are matched to the compressors in the main ARC beamlines, to ensure accurate characterization of the compressed pulse. AFECT provides feedback to support the spectral shapers in the form of high fidelity spectral amplitude from a spectrometer as well as phase information from its scanning frequency resolved optical gating (FROG) system [6] . Additionally, a photodiode is used to provide timing information to detect changes in the timing of the HCAFE output relative to a NIF fiducial signal. Finally, diagnostics for measuring pulse contrast at both long-time and short-time are installed. A set of custom photodetectors has been developed to measure the contrast at long-times while a commercial third-order scanning autocorrelator (Amplitude Technologies Sequoia) is used to measure contrast within ~500ps of the arrival of the main pulse. These contrast diagnostics (shown in green in Figure 2 ) and their measurement results are discussed in detail in the following sections. 
DEVELOPMENT OF A LONG-TIME CONTRAST DIAGNOSTIC
Background
To verify specifications for the ARC laser front-end, the contrast measurement capability was determined to require a dynamic range in excess of 90 dB between 100 to 2 ns before the arrival of the main pulse. While previous applications of stitched photodiode measurements have reported this level of dynamic range, they often employ a scaling technique to increase the dynamic range from what is measured in the raw data. Depending upon the response time of the selected photodetector and the measured pulse width, pulses can be blurred in time and have their measured amplitude subsequently reduced. Scaling the measured pulse based on the impulse response and known pulse width can be used to infer increased dynamic range for the system. However, discrete pulses at or just below the noise floor of the oscilloscope would be overlooked in such a scaling analysis, and therefore reported contrast could be inflated for prepulses existing at the noise floor level. While scaling provides value for determining ASE contrast, the goal for the ARC laser was to verify specifications using direct measurements.
Method
To achieve this goal, the AFECT contrast photodetector was designed with a series of input attenuation filters separated by 10dB mounted onto a motorized, linear stage. The input signal to the photodiodes can then be changed in increments of 10dB to allow for the amplitude stitching technique to be used. Initial attempts using commercially available photodiode circuits resulted in a dynamic range of approximately 60 dB. Attempts to expand this range to 70 dB resulted in a very short life of only a few shots at low attenuation before being permanently damaged. Additionally, this previous system used long cabling that significantly attenuated signals prior to arrival at the oscilloscope. Figure 3 contains a contrast plot taken with the original diagnostic while using its full dynamic range (red trace). Data taken beyond this range would result in permanent damage to the photodiode. Note that this dataset is prior to system optimization and prepulse mitigation.
Increased dynamic range and survivability has previously been reported with a Fermionics FD80L InGaAs photodiode in a standard biasing circuit [7] . A new circuit was designed that used this same photodiode along with an amplifier circuit based upon a silicon bipolar Monolithic Microwave Integrated Circuit (MMIC) with >20 dB of gain. This amplifier circuit allows for a lower laser power to be used to achieve a given output signal while the new photodiode was shown to survive an order of magnitude higher power without damage. To further extend the life of the detector circuit, measurements are taken in a single-shot configuration rather than at a rate of 10 Hz, which is the typical repetition rate for the HCAFE system. Data is captured on a local 6 GHz oscilloscope and post-processed with a custom LabVIEW program that automatically time aligns, amplitude stitches, and normalizes the traces relative to calibration measurements of the attenuation filters. These improvements resulted in a reusable, long-time contrast diagnostic that has a dynamic range of >90 dB without detector damage or degradation after dozens of shots and no need for impulse response scaling or deconvolution. The dynamic range can be extended to beyond 100 dB in this configuration, but photodiode lifetime suffers in doing so. 
Results
The black trace in figure 3 is a contrast plot of one of the beamlines within the AFECT system using this new amplified photodetector. This data has had no post-processing (filtering, averaging, response scaling, etc.) performed on it aside from amplitude stitching to create a continuous contrast plot. A dynamic range of greater than 100 dB is achieved using these techniques; however, lifetime is significantly shortened at this level and beyond. Testing at a level of 90 dB of dynamic range has been conducted and the lifetime of the detectors has exceeded dozens of shots thus far and is the normal mode of operation for these detectors. Overall performance of the contrast diagnostic was improved by approximately 30 dB by incorporating the new photodiode, an amplifier circuit, and reducing attenuation and noise. Based upon a photodetector impulse response time of approximately 260 ps and a pulse width of approximately 1 ps, scaling methods could be used to claim more than 24 dB of additional dynamic range, increasing the total dynamic range with respect to ASE to approximately 125dB.
Pulse contrast characterization and improvement
The additional range added to the measurement capability resulted in the discovery of several pulses present prior to the arrival of the main pulse. Early results were compromised by artifacts that were added to the signal within the AFECT diagnostic package and were not actual pre-pulses at the output of the HCAFE system. However, these signals and the ringing that they caused in the electronic circuit increased the noise floor of the diagnostic and obscured regions that were critical to monitor. These artifacts were mitigated by the installation of absorbing glass at various locations within the AFECT system, which led to an improved noise floor and overall measurement capability.
Since leakage from the regenerative amplifier through the Pockels cells is not visible on the photodiode trace due to the limited noise floor and the high contrast to these pulses, a series of measurements was taken while bypassing individual Pockels cells to characterize the extinction of each one. Within the regenerative amplifier, a series of three Pockels cells are used: one within the regen cavity to Q-switch and cavity dump the main pulse (PC1), a second that exhibits an approximately 5 ns 10-90% rise time to increase the contrast to regen leakage (PC2), and a third that operates as a fast slicer with an approximately 200 ps 10-90% rise time to increase the contrast to regen leakage and to the area outside of ~1 ns of the main pulse (PC3). By performing these tests, we validated the individual operation of the Pockels cells and verified that contrast measurements matched our models for Pockels cell extinction. In Figure 4 , the individual contributions from the Pockels cells are portrayed. Solid lines indicate actual data while dashed lines indicate the models of Pockels cell extinction. Each of these is normalized and scaled for a 260 ps FWHM impulse response relative to a 1 ps pulse width except for the plot labeled 'Inferred Pulse.' Due to the blur induced in the signal by the relatively slow response time of the photodiode, the peak of the pulse is depressed, reducing the indicated contrast between the peak of the pulse and the ASE floor. The 'Inferred Pulse' plot is a model based on a simple fit to actual data from a third-order cross correlator (Amplitude Technologies Sequoia) and the models of Pockels cell extinction from which the blurred pulses were derived. The solid black curve is actual data with the system in a normal configuration with a detection limit at approximately 100 dB prior to scaling for impulse response. Prior to -3.5ns, contrast is below the detection limit. At -3.5ns, a discrete pre-pulse exists at -85 dB, and is followed by a rising pedestal beginning around -2.5 ns as PC3 turns on.
SUMMARY
In summary, we have developed a long-time contrast diagnostic for the ARC laser that has achieved a dynamic range of over 100 dB and 125 dB after deconvolution/scaling. By combining this diagnostic with a scanning third-order autocorrelator and comparing to models of the Pockels cells, we have verified that the contrast at the output of the front end of ARC exceeds the requirements set forth for the range of experiments planned for the laser system.
